Abstract-A pulsed current-mode converter specifically designed for the supply of dielectric barrier discharge excimer lamps is proposed in this paper. The power supply structure is defined on the basis of causality criteria that are justified by the structure of the lamp model. The converter operation is studied, and its design criteria are established using state-plane analysis. This converter, operating in discontinuous conduction mode, controls directly both the amplitude and the duration of the emitted ultraviolet (UV) pulses. Experimentally, the UV radiation is demonstrated to be proportional to the current injected into the gas, and the degrees of freedom offered by the control of the supply are shown to be very efficient for the active control of the UV power.
I. INTRODUCTION

D
IELECTRIC BARRIER DISCHARGES (DBDs) and their applications are spread out to numerous domains such as surface treatment, decontamination, semiconductor fabrication, and lighting [1] - [4] . A particular use of these discharges is ultraviolet (UV) ray generation [5] - [7] , which originally was, and still is, achieved in gas mixtures containing considerable quantities of mercury, which is a contaminant element [8] . An alternative form to produce UV radiation, reducing the negative environmental impact, consists of the excitation of gas mixtures containing a noble gas, (Xe, Kr) and a halogen gas (Cl, Br) [5] . The electric discharge installed in the gas produces nonstable molecules called excimers (or exciplex if more than one element is part of the molecule). The wavelength emitted, when this molecule returns to its ground state, depends only on the gas mixture, e.g., XeCl and KrCl produce 308 and 222 nm, respectively [9] .
Excimer sources present other advantages with respect to mercury discharges, which are higher power density and narrow-band spectrum. These characteristics increase the efficiency of the target process, with a reduction of the exposition time or the expansion of the radiated area or volume [8] , [10] . S. Bhosle is with the LED Engineering Development, 31100 Toulouse, France (e-mail: sounil.bhosle@led-development.fr).
Color versions of one or more of the figures in this paper are available online at http://ieeexplore.ieee.org.
Digital Object Identifier 10.1109/TIE.2011.2126536 Within the DBD lamps suited for UV generation, the most common configuration is that illustrated in Fig. 1 : the gas mixture is confined between two glass walls (two dielectric barriers), and these avoid contact of the gas with the metallic electrodes. This configuration enhances the lifetime of lamps, as it prevents the transition to arc regime of the discharge and the contamination of the gas mixture with electrode residues [11] .
This promising solution for UV generation and associated applications requires specific studies concerning the interaction between the DBD and its associated power supply [12] - [15] . In this paper, the following approach is respected to establish the choice of a well-suited supply mode:
In Section II, the basis of lamp modeling is reviewed. In Section III, the results of modeling are applied to establish, applying causality criteria, that current mode is the best way to supply this load. In Section IV, the converter topology that implements a direct control of the lamp current is presented. Finally, in Section V, the degrees of freedom (DOFs) offered by the converter are experimentally exploited to search the most convenient operating conditions, regarding the electric to UV conversion efficiency of the DBD excimer lamp.
II. ELECTRICAL MODEL OF DBD EXCILAMPS
For nonclassical applications such as gas discharges, it is important to model the behavior of the load and to identify the right way by which it must be supplied, before starting to propose the converter to be used [16] - [19] .
In the present case, the DBD lamp can be modeled using its physical structure, which is shown in Fig. 1 . If the current path is followed from the positive to the negative electrode of the power supply, every physical element can be translated into an electric component of the equivalent circuit shown in Fig 2(a) . First, the lamp current i lamp goes into the internal barrier represented by the capacitor C int ; afterward, it flows through the gas, and finally, the current returns to the external 0278-0046/$26.00 © 2011 IEEE electrode crossing the external barrier, which is symbolized with capacitor C ext .
In Fig 2(b) , the two capacitances corresponding to the dielectric barriers are simplified to obtain the series equivalent capacitance C diel . The gas behavior is dependent on the gas voltage v gas . If this is less than the breakdown voltage V th , it presents a dielectric nature; consequently, it is represented by the gas capacitance C gas . When the gas voltage reaches the V th breakdown value, the discharge is established, and the gas is characterized as a variable conductance
where G gas and i gas are the gas conductance and current, respectively, and ∆V , K 1 , K 2 , and K 3 are constants. In the right-hand side of this equation, the first term is associated to the breakdown phenomenon, the second one is related to the production of conducting species, and the last one is the recombination term presenting a first-order decay of the conductance when the gas current cancels. The complete explanation of this model and the procedure to identify its parameters is found in [20] .
The noticeable capacitive behavior of this DBD is confirmed experimentally in Fig. 3 , where a classic sinusoidal-voltage source is applied to the lamp. Here, a big part of the obtained lamp current is a displacement current, leading 90
• from the imposed voltage. The conduction current responsible for the actual power transfer to the lamp is related only to the peaks out of the sinusoidal shape.
This electrical model of the DBD lamp is very useful in performing simulations and studying interactions with the power converter; it also makes possible computing immeasurable variables like the gas voltage, current, and conductance. Specifically using this model, the voltage-current characteristic for the confined gas has been plotted from an experimental measurement, using a classic voltage source (see Fig. 3) ; the result is shown in Fig. 4 . Note that the calculated gas voltage is almost constant for all the values of the calculated gas current.
The modeling of the DBD presented before states the mainly capacitive characteristic of the lamp. For this reason, a currentmode converter is preferred, instead of a classical voltage-mode supply. The detailed analysis of this choice is performed in the next section.
III. CAUSALITY CONSIDERATIONS DEFINING THE POWER SUPPLY
For investigation purposes, DBD loads have been traditionally supplied using linear power amplifiers [21] - [23] . Nevertheless, there has been an effort in the power electronics field to find a better energy transfer with the implementation of switched-mode converters [23] - [27] . For the specific case of excimer lamps, the typical power supply presents a square-voltage waveform switching at several tens of kilohertz [28] - [30] . In this section, a comparison is developed between this typical voltage mode and the proposed current mode, using the electrical model developed in Section II.
A. Classical Voltage-Mode Approach
In the traditional voltage-mode power supply, the lamp voltage (v lamp ), presenting a pulsed waveform, is imposed. As the lamp presents a capacitive nature (thus trying to force its own voltage), the current returned by the lamp i lamp displays sharp pulses resulting from a derivative law applied by the equivalent capacitance of the lamp. The typical waveforms can be observed in Fig. 5 . As the internal gas voltage v gas in the operating area is almost constant (cf. Fig. 4 ), the current in the lamp can be approximated using
In this case, the voltage source produces a current flow in the gas if the voltage amplitude is greater than the breakdown voltage. Nevertheless, the duration and the peak value of current cannot be correctly controlled, because those values depend on the rising and falling slopes of the voltage waveform. In other words, these depend on the switching performances of the semiconductor devices.
In this type of structure, the energy sent to the lamp remains unknown at the design stage, because there is no certainty about the localization of the operating point within the desired area. Consequently, the only method to adjust the lamp power is changing the switching frequency.
B. Current-Mode Approach
In the proposed current-mode, a current is imposed to the lamp. Due to its capacitive nature (there is no opposition to the current), the voltage waveform is easily calculated using the electrical model by means of an integral law
with, according to Fig. 4 v gas ∼ = V th · sign(i gas ). Fig. 6 illustrates a simulation where a square current waveform is imposed to the lamp. The lamp voltage is found using the electrical model previously developed. In the same simulation, it is possible to see that the gas voltage is almost constant (in absolute value) while the current is maintained, confirming that the desired operating area has been attained.
In the present case, the current imposed to the lamp flows through the gas once the gas voltage reaches the breakdown voltage V th (inflexion points of v lamp in Fig. 6 ). As a consequence, the operating point is controlled only by means of the current amplitude (shifting right or left within the highlighted zone of Fig. 4) .
In current-mode operation, the current imposed to the lamp must present a bidirectional zero-mean waveform, as the load behavior is mainly capacitive. If this condition is not fulfilled, the lamp voltage increases indefinitely and causes the damage of the power supply.
From this section, it is important to remind three points as conclusion.
1) Control of the discharge operating point must be accomplished, imposing the gas current by the intermediate of the lamp current. 2) Lamp current must be bidirectional in order to avoid the indefinitely increase of the lamp voltage, as the lamp is capacitive.
3) The electrical model allows the calculation of all the electrical variables at the design stage.
IV. POWER CONVERTER SYNTHESIS
According to the previous section, a converter capable of delivering the waveform shown in Fig. 7 would be ideal, in order to control the discharge operating point. An increase of the current amplitude I op implies a right shifting of the operating point in Fig. 4 (for positive values) .
In this waveform, the lamp current is intentionally zero during the relaxation time t rel , because, a priori, it is necessary for the return of the excited species to their ground state [31] .
For the particular case of the lamp studied in this paper, the following operating conditions are selected for the currentmode pulsed converter:
1) lamp peak current < 300 mA; 2) selected operating frequency 50-100 kHz; 3) peak lamp voltage < 6 kV.
A. Principle
The design of the power supply is divided into two stages: 1) an inverter to change the current direction in the lamp each half-cycle and 2) a unidirectional current source J working in discontinuous conduction mode (DCM) to guarantee the relaxation time.
The current inversion can be achieved with an H-bridge synchronized with the current source. However, as the lamp voltage reaches several kilovolts, a step-up transformer (with transformation ratio n) must be placed between the inverter and the lamp in order to reduce the semiconductor devices voltages. The nature of these switches will be explained later in Section IV-C. The transformer and the bridge can be reduced to obtain the schematic in Fig. 8 with only two ground-referenced switches.
The unidirectional current source J can be taken from the classic boost or buck-boost configurations to assure the discontinuous-mode operation. In this paper, only the latter is studied.
B. Current-Mode Converter Operation
The buck-boost-based current converter, along with its possible sequences, is shown in Fig. 9 after reduction of the redundant switches. The equivalent circuits describing the operation of the converter are presented, as seen from the secondary side of the transformer. One entire switching period can be explained in three positive and three negative sequences.
1) Positive charge sequence: S0 switch is turned on; the inductance current i L increases linearly from zero to a value I L0 controlled by input voltage source E, the inductance value L, and the charge time t ch . This sequence defines the amount of energy to be sent to the lamp during the next pulse, i.e.,
2) Positive discharge sequence: S1 switch is turned on, and S0 is turned off; the energy previously stored in the inductance is sent to the lamp, via the resonant circuit, associating L s (L seen from the secondary, with L s = n 2 · L) and the dielectric capacitance C diel . The gas voltage v gas is assumed to be constant and equal to V th , in accordance with the modeling results.
The duration of this sequence is called the discharge time t dis and is determined by the zero crossing of the inductance current. 3) Positive blanking time: All switches are turned off; the lamp current remains null, and the lamp voltage remains constant. The duration of this sequence t blank determines the operating frequency (6) and is part of the relaxation time, together with the positive charge sequence
4) Negative sequences: they are similar to the three positive sequences, using the S1 switch, instead of S1 in the discharge phase, to obtain a negative current in the lamp and to guarantee the zero-mean value of this waveform. Note that dc voltage source E polarity is inverted in the third sequence in order to reflect the circuit (as seen from the secondary side of the transformer), which results in fourth sequence from the S1 turn-on. The current in the lamp; flowing in the negative direction, the gas is sketched as a (negative) −V th voltage source. In this operating mode, the current-mode converter exhibits two DOFs to control the lamp power: the energy sent each halfperiod and the operating frequency, i.e.,
This converter also presents zero-current switching (ZCS) for all the three switches at turn-off; additionally, due to the DCM operation of the buck-boost converter, S0 also turns on with a null current. These characteristics increase the efficiency of the system when compared to a voltage-mode source. Note that ZCS for S0 at turn-off is achieved due to the switch used, which presents spontaneous turn-off characteristic; this event occurs as a consequence of S1 or S1 controlled turn-on. The implementation of this switch is detailed in Section IV-C.
Due to the resonant behavior of this converter during the discharge sequences, the entire analysis and dimensioning of the components can be done by means of the state-plane analysis, as shown in Fig. 10 [32] , [33] . To draw this plane, the following normalization is used: 
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( 11) where Y L0 is the normalized current in the inductance at the end of the charge sequence. Hence, adding the constant gas voltage to this equation and "denormalizing," the peak voltage across the lamp givesv
The peak current in the inductance depends on the following condition:
If this condition is fulfilled, the state plane corresponds to the left side of Fig. 10 . In this case, the peak inductance current and the discharge time are found witĥ
In other case, the state plane corresponds to the right case of Fig. 10 , and the following equations must be applied:
The (6)- (17) equations set is used to realize the converter design. The complete study of this converter and the corresponding one for the boost-based converter, which can exhibit unstable behavior, can be found in [34] . 
C. High-Frequency Thyristor
After analyzing the current-mode converter, electric waveforms for the three switches reveal that each one of these switches present unidirectional current and bidirectional voltage; together with the switching conditions, one recognizes the characteristic of a thyristor, as shown in Fig. 11 (left) . Nevertheless, these switches have to operate outside the typical frequency range available for commercial devices of this type.
For this reason, the solution proposed and implemented for this converter [35] can be appreciated in Fig. 11 (right) . It consists of the series connection of a metal-oxide-semiconductor field-effect transistor and a fast diode. The turn-on of the thyristor is enabled when the anode-to-cathode voltage is positive and realized via the set input of an SR flip-flop. The turn-off is spontaneous when the diode blocks at zero current and the thyristor voltage becomes negative, performing a reset to the flip-flop: this locks the switch, avoiding the current flow if the thyristor voltage returns to positive values.
D. Transformer
The step-up transformer is essential to reduce the voltage of the lamp to the semiconductor device range. The configuration consisting of two primaries and one secondary winding has been chosen, in order to simplify the current inverter to a structure with only two common-cathode and ground-referenced thyristors.
This transformer requires a very special construction, as the lamp capacitance is on the order of 55 pF: the power transfer to the lamp is indeed dramatically reduced if the parasitic capacitance of the secondary winding of the transformer matches a comparable value. Additionally, the magnetizing inductance must be maximized, and the leakage inductance must be minimized, to prevent a nonzero value for lamp current during the relaxation time and high-frequency oscillations during the discharge sequence, respectively.
The transformer is implemented using two "U" cores; a single layer in the secondary side was chosen. In this way, the parasitic capacitance is reduced (∼10 pF), with a high-enough magnetizing inductance (∼700 mH in the secondary side). The primary and secondary windings are on the same leg in order to reduce the leakage inductance.
E. Experimental Results
The implementation of the current-mode converter is made with the values displayed in Fig. 12 . This converter has been tested with a 60-W XeCl exciplex lamp from Quantel group. This coaxial lamp, which was used for psoriasis treatment, is approximately 17 cm long, with inner and outer radii of 2 and 4 cm, respectively, and silica thickness of 1.5 mm.
Experimental results operating at 50 kHz and 50 W in the lamp are shown in Fig 13. The measured values are in good accordance with (8)- (17) .
The three different sequences presented in Section IV-B, i.e., charge, discharge, and blanking, can be clearly appreciated. In this figure, the lamp current (bidirectional waveform) presents some oscillations during the discharge sequence due to the parasitic elements of the transformer. Nevertheless, the current duration and amplitude is controlled by the switching circuit of the primary, as expected. The efficiency obtained for this converter is approximately 70%; the power losses are mainly dissipated in the step-up transformer (∼63% of total losses).
V. POWER CONTROL
A. Control of the Electrical Power
The two DOFs offered by this current-mode converter, which is available to control the power delivered to the lamp, are illustrated in Fig. 14 . For a given frequency, the energy sent to the lamp is changed using the value of t ch [see (4) and (5)], and for each value, the instantaneous lamp power is computed with the measured waveforms of i lamp and v lamp . Then, the same procedure is repeated for different frequencies.
As theoretically stated in Section IV-B, the power transferred to the lamp is shown to be controllable by means of these two DOFs [see (7)].
1) The pulse quantum energy is defined by t ch , which sets the energy stored in the inductance during the charge sequence: according to (4) and (5), it explains the quadratic shape of the characteristics of Fig. 14.  2 ) For a given pulse energy (i.e., a given charge time t ch ), the lamp power also increases with the operating frequency of the converter. Additionally, to control the mean power of the lamp, the model developed in [20] makes possible the calculation of the gas variables, which are not measurable, taking the lamp current waveform as an input for simulation. This is very useful in analyzing the performances of the current control and validating the assumptions concerning the operating area of the gas discharge.
Gas power and gas current are both plotted in Fig. 15 . These immeasurable variables are calculated by means of the identified lamp model taking the experimental lamp current as input. It is found that the two waveforms have a similar aspect, which means that power is effectively controlled by the gas current (with this last directly depending of the lamp current) and that gas voltage is almost constant and is equals to V th (1800 V).
B. Control of the UV Radiation
The experimental results presented in the previous section demonstrate the control of the electrical power in the lamp. On this basis, experiments are now carried out to determine how the current-mode converter manages the UV emission of the lamp.
1) UV Mean Power:
To measure the UV emission of the lamp, a radiometer in the band of 308 nm (emission corresponding to the XeCl exciplex) is used. Its distance to the lamp is kept constant, as the measurements (in milliwatts per square centimeter) are relative to the distance at which those are taken.
As done previously, the energy in the lamp is varied at a fixed frequency, and then, the procedure is repeated for different frequencies. Results of this experiment are shown in Fig. 16 .
Note that UV radiation is controlled correctly by the currentmode converter, using the two DOFs, i.e., energy and frequency Fig. 16 . Control of the radiation of the lamp by the current-mode power supply. The UV emission can be changed with 2 DOFs, i.e., frequency and energy (with the latter controlled by the charge time). Measurements are taken with a 308-nm radiometer at 5 cm from the lamp. Fig. 17 . UV radiation measured controlled by the gas current (calculated).
variation. Results are similar to those presented for the electrical power (cf. Fig. 14) . Nevertheless, the lower curve at 50 kHz has approached that at 55 kHz. This can be interpreted as better conversion, from electrical to optical power (higher efficiency), of the lamp at 50 kHz.
The last result is very interesting, letting it known that the current-mode power supply can be used to identify the optimal operating frequency of the lamp.
2) UV Instantaneous Power: The instantaneous power radiated by the lamp is measured with a set-up consisting on a high-speed camera and a monochromator adjusted at 308 nm. This time-solved UV measurement is synchronized with the oscilloscope in order to compare the emitted power and the electric power transfer into the lamp.
Using the measured lamp current and by means of the electrical model, the gas voltage and current are computed. As expected, the gas voltage is almost constant. This means that the electrical gas power is directly controlled by the gas current.
In Fig. 17 , the emitted UV power is compared, at the same time scale as that on synchronized waveforms, with the gas current (very similar to the current imposed into the lamp). It is possible to appreciate the correlation between both waveforms, denoting that the lamp power is actually controlled by the gas current. As a matter of fact, if a step is applied to the system, changing the charge time (energy) abruptly, the response obtained is a step in the UV emission.
VI. CONCLUSION AND PERSPECTIVES
The current-mode converter has been presented as an alternative to supply DBDs and particularly excimer lamps. This converter offers two DOFs to control the lamp power by means of the operating frequency and the energy injected to the lamp each half-period.
The radiation of the lamp can be instantaneously controlled by adjusting the amplitude and duration of the gas current. The current-mode converter offers this possibility and exhibits this advantage against the typical voltage-mode converters.
The presented converter structure based on the buck-boost converter was analyzed using the state plane in order to establish the electric variables and the discharge time.
Additional work can be done, a parametric variation of the two DOFs could improve the electric-to-UV efficiency, identifying the optimal operating point.
In the future, the converter efficiency could be considerably increased, particularly focusing on the optimization of the highvoltage transformer, which has experimentally shown to be the major cause of losses, combining the control of its parasitic elements, together with efficiency improvements.
